(19) 



J 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(11) 



EP 1 566 876 A1 



(12) 



EUROPEAN PATENT APPLICATION 

published in accordance with Art. 158(3) EPC 



(43) 


Date of publication: 


(51) 


intCl7: H02K 1/27, H02P 6/18, 




24.08.2005 Bulletin 2005/34 


H02K 29/06 


(21) 


Application number: 03811949.1 


(86) 


International application number: 








PCT/JP2003/015203 


(22) 


Date of filing: 28.11.2003 










(87) 


International publication number: 








WO 2004/049541 (10.06.2004 Gazette 2004/24) 


(84) 


Designated Contracting States: 


(72) 


Inventor: NISHIJIMA, Kiyotaka 




AT BE BG CH CY CZ DE DK EE ES Fl FR GB GR 




Daikin Industries, Ltd. 




HU IE IT LI LU MC NL PT RO SE SI SK TR 




Kusatsu-shi, Shiga 525-0044 (JP) 




Designated Extension States: 








AL LT LV MK 


(74) 


Representative: Goddar, Heinz J. 








FORRESTER & BOEHMERT 


(30) 


Priority: 28.11.2002 JP 2002345980 




Pettenkoferstrasse 20-22 






80336 Munchen (DE) 


(71) 


Applicant: DAJKIN INDUSTRIES, LTD. 








Osaka 530-8323 (JP) 







(54) BLUSHLESS DC MOTOR AND BLUSHLESS DC MOTOR CONTROLLER 



(57) An angle 6 0 between an edge section of the flux 
barrier on magnetic pole center side and an edge sec- 
tion on a side for coming in contact with the rib of adja- 
cent flux barrier, with respect to the rotor center, is de- 
termined to satisfy the relation of 

9 0 =180° •m/(Pn*f/f 0 ) (provided 2 G 0 -e r <90° ) 



wherein, a frequency of vibration which is to be reduced 
is represented with f, a pole pair number is represented 
with Pn, an electrical frequency is represented with f 0 = 
Pn*N, a motor revolution is represented with N, m = 1, 
3,5, an angle of the rib with respect to the rotor center 
is represented with G r: therefore making of motor highly 
effective and decreasing of the motor acoustic noise are 
coped with. 
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Description 

Technical Field 

5 [0001] The present invention relates to a brushless DC motor and baishless DC motor control apparatus. More 
particularly, the present invention relates to a novel brushless DC motor and brushless DC motor control apparatus 
which can cope with both making of motor highly effective and decreasing of the motor acoustic noise. 

Related Art 

10 

[0002] From the past, it was proposed that a dimension in peripheral direction of a flux barrier is determined to be 
equal to or greater than a thickness of a magnet so as to improve efficiency (refer to Japanese Patent Laid-open 
Gazette No. Tokukai 2002-44888). 

[0003] It is also proposed that decreasing of the motor acoustic noise is intended to be realized by an angle of a flux 
15 barrier, for a brushless DC motor in which permanent magnets are embedded in an interior of a rotor (hereinafter, 
referred to as IPM) (refer to Japanese Patent Laid-open Gazette No. Tokukaihei 11-98731, and Japanese Patent Laid- 
open Gazette No. Tokukai 2000-217287). 

[0004] It is also proposed that applying skew in a piled direction of a rotor for IPM (Japanese Patent No. 3028669). 
[0005] For a motor having a pole pair number of Pn, and for a frequency which is Pn times of a motor revolution (rps) 
20 (hereinafter, referred to as a fundamental frequency), an electro -magnetic suction force (hereinafter, also referred to 
as an electro-magnetic exciting force) is generated between a rotor and teeth of a stator at a frequency which is an 
integer times of the fundamental frequency (hereinafter, the multiplying factor is referred to as an order), therefore 
vibration/noise of a frequency corresponding to the order is generated. 

[0006] When the vibration of the frequency corresponding to the order is coincident with a characteristic frequency 
25 of a motor, a frame for supporting a motor and the like, the vibration/noise is increased due to the resonance, and may 
become a subject of discussion. 

[0007] When an electro-magnetic suction force working between a rotor and a stator during revolution is decomposed 
into a first component in a tangential direction (circumferential direction) and a second component in a normal direction 
(radial direction), the tangential component is effectively utilized as a revolution force, but the normal component is 
30 useless electro-magnetic suction force which generate only the subject of discussion for vibration/noise. And, the nor- 
mal component is greater than the tangential component by about 1 digit. It is effective for the use which is required 
smoothness in generates torque of a motor that cogging torque or torque ripple during driving is reduced by a conven- 
tional manner or skew. But, it is required for the demand for reducing vibration/noise of a motor and an entirety of an 
apparatus in which a motor is incorporated that an electro-magnetic exciting force in the normal direction is reduced 
35 which is useless and is a great electro- magnetic force. 

[0008] To reduce the electro-magnetic exciting force in the normal direction, it is preferable that the dimension of the 
exciting force itself is reduced. But, in many cases, such coping is difficult to be employed by taking disadvantages 
into consideration that lowering in motor efficiency and the like. Therefore, it is desired to cope with motor driving 
apparatus for reducing vibration/noise of a specific order (a frequency obtained by multiplying an integer with a revo- 
ke lution) which is a subject of discussion. 

[0009] There exist the disadvantages in the following points for the above prior arts. In the Japanese Patent Laid- 
open Gazette No. Tokukai 2002-44888, improvement in efficiency is realized by determining an angle of a magnetic 
pole core to be a suitable value. But, when a motor with high efficiency and low noise is desired, and when a noise of 
a specific order is to be reduced for decreasing of the motor acoustic noise, it is not coped with both the making of 
« motor highly effective and decreasing of the motor acoustic noise, for every angle within an extent where the improve- 
ment in efficiency is realized. Therefore, the most proper angle should be selected and determined within the extent. 
Such determination cannot easily be realized for even a person having an ordinary skill in the art. 
[0010] Further, affection due to variation in a length of rib width is not taken into consideration in the Japanese Patent 
Laid-open Gazette No. Tokukai 2002-44888, it is further difficult that both the making of motor highly effective and the 
so decreasing of the motor acoustic noise are coped with. Description is made further. 

[001 1] A rib is a portion extending in a radial direction for connecting a core and a bridge, the core being an interior 
of a rotor, the interior being on inner side with respect to a magnet. Increasing the length of the rib width causes 
increasing in a q-axis inductance Lq. Torque Trq is represented with the equation of 

55 Trq = Pn*(4»a*iq + (Ld - Lq) *id*iq) 

[001 2] Wherein, Pn represents a pole pair number, id and iq represent d-axis current and q-axis current, respectively, 
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Ld and Lq represent d-axis inductance and q-axis inductance, respectively, and $a represents a flux linkage. 
[0013] When Lq can be made greater, an absolute value of (Ld - Lq) can be made greater, consequently reluctance 
torque can be increased. The rib width dimension and the shape of the flux barrier section adjacent to the rib are greatly 
related to the generation mechanism of the electro-magnetic exciting force. But, the Japanese Patent Laid-open Ga- 
5 zette No. Tokukai 2002-44888 cannot take affection into consideration, the affection being due to varying in the width 
dimension of the rib. 

[0014] In the Japanese Patent Laid-open Gazette No. Tokukaihei 11-98731, determination of an angle between 
leading edges of barriers each including a rib, or determination of an angle from the center of the rib as the standard 
to the leading edge of the barrier, for the purpose of lowering in torque ripple, is disclosed. But, the determined angle 

10 is kept as it is despite of varying in the length of the rib width. That is, the rib width dimension and the shape of the flux 
barrier section adjacent to the rib are greatly related to the generation mechanism of the electro-magnetic exciting 
force, as is described above. Therefore, in the Japanese Patent Laid-open Gazette No. Tokukaihei 11-98731 , it is not 
possible that both the making of motor highly effective and the decreasing of the motor acoustic noise are coped with. 
[0015] In the Japanese Patent Laid-open Gazette No. Tokukai 2000-217287, regulation of an extent of an angle of 

15 a magnetic pole for the purpose of lowering in torque ripple. Similarly to the above, varying in a length of a rib width is 
not recited at all. That is, the length of the rib width and the shape of the flux barrier section adjacent to the rib are 
greatly related to the generation mechanism of the electro-magnetic exciting force, as is described above. Therefore, 
in the Japanese Patent Laid-open Gazette No. Tokukai 2000-217287, it is not possible that both the making of motor 
highly effective and the decreasing of the motor acoustic noise are coped with. 

20 [0016] Further, in IPM, bridge sections each having a thin section thickness are provided for the purpose of main- 
taining rotor cores in one body and taking productivity into consideration, on purpose of short-circuit in magnetic flux. 
This does not consider affection due to the existence of the bridge section, although the bridge section is made as thin 
as possible and the short-circuit in magnetic flux is suppressed to the utmost, and although the bridge section is required 
to have a thickness greater than a certain thickness based upon the necessity of centrifugal strength. Therefore, it is 

25 not possible that both the making of motor highly effective and the decreasing of the motor acoustic noise are coped with . 

Summary of the Invention 

[0017] The present invention was made in view of the above problems. 

30 [0018] It is an object of the present invention to provide a brushless DC motor and brushless DC motor control 
apparatus which can easily cope with making of motor highly effective and the decreasing of the motor acoustic noise. 
[001 9] A brushless DC motor of a first aspect according to the present invention comprises a rotor, the rotor comprises 
plural permanent magnets each having a predetermined thickness and being mounted in the interior of the rotor, flux 
barrier made of non-magnetic section, beginning from an edge section in circumferential direction of each permanent 

35 magnet, extending up to vicinity in the surface of the rotor, and having a length in circumferential direction which is 
greater than the thickness of the permanent magnet, and a rib which is disposed between magnetic poles, 
the brushless DC motor is characterized in that an angle 6 0 between an edge section of the flux barrier on magnetic 
pole center side and an edge section on a side for coming in contact with the rib of adjacent flux barrier, with respect 
to the rotor center, is determined to satisfy the relation of 

40 

6 0 = 180° *m /(Pn*f/f 0 ) (provided 2 6 0 - G r <90° ) (equation 1) 



[0020] Wherein, a frequency of vibration which is to be reduced is represented with f, a pole pair number is repre- 
45 sented with Pn, an electrical frequency is represented with f 0 = Pn*N, a motor revolution is represented with N, m = 1 , 
3, 5, .., an angle of the rib with respect to the rotor center is represented with 6 r . 

[0021] A brushless DC motor of a second aspect according to the present invention comprises a rotor, the rotor 
comprises plural permanent magnets each having a predetermined thickness and being mounted in the interior of the 
rotor, flux barrier made of non-magnetic section, beginning from an edge section in circumferential direction of each 

50 permanent magnet, extending up to vicinity in the surface of the rotor, and having a length in circumferential direction 
which is greater than the thickness of the permanent magnet, and a rib which is disposed between magnetic poles, 
the brushless DC motor is characterized in that an angle 6 0 between an edge section of the flux barrier on magnetic 
pole center side and an edge section on a side for coming in contact with the rib of adjacent flux barrier, with respect 
to the rotor center, is determined to be greater than the angle satisfying the relationship of the equation 1 in corre- 

55 spondence with the thickness of the bridge. 

[0022] A brushless DC motor of a third aspect according to the present invention determines the frequency f so that 
f/f 0 is an even number. 
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[0023] A brushless DC motor of a fourth aspect according to the present invention determines the frequency f so 
that f/f 0 corresponds to multiplication of an integer and (stator slot number/Pn). 

[0024] A brushless DC motor of a fifth aspect according to the present invention determines m so that the angle e 0 
is equal to or greater than (30/Pn)° and equal to or less than (60/Pn)° in equation 1 . 
5 [0025] A brushless DC motor of a sixth aspect according to the present invention determines the width of the rib to 
be equal to or greater than twice of the thickness of the bridge. 

[0026] A brushless DC motor of a seventh aspect according to the present invention further comprises a reinforce- 
ment bridge for reinforcing the bridge. 

[0027] In a brushless DC motor of an eighth aspect according to the present invention, the flux barrier has a shape 
10 on its magnetic pole center side, the shape being decreasing gradually in a radial direction, and an angle 9 b of the 
radial direction gradually decreasing shaped section is determined to be equal to or greater than 18° and equal to or 
less than 25° . 

[0028] A brushless DC motor of a ninth aspect according to the present invention determines the stator slot number 
to be 36, the pole pair number Pn to be 2, f/f 0 to be 36, m in the equation 1 to be 7, respectively. 
15 [0029] A brushless DC motor of a tenth aspect according to the present invention employs a rotor applied skew as 
the rotor. 

[0030] A brushless DC motor of an eleventh aspect according to the present invention employs a stator applied 
distributed winding as the stator. 

[0031] A brushless DC motor control apparatus of a twelfth aspect according to the present invention comprises an 
20 inverter device which is controlled to advance a current phase with respect to an induction voltage of the brushless 
DC motor of one of the first to eleventh aspect. 

[0032] A brushless DC motor control apparatus of a thirteenth aspect according to the present invention determines 
a motor terminal voltage at the maximum revolution to be equal to or greater than a voltage of the inverter. 
[0033] A brushless DC motor control apparatus of a fourteenth aspect according to the present invention comprises 
25 a control section which calculates a rotor position using a voltage applied to the motor, a motor current, and equipment 
constants of the motor and controls the inverter device based upon the calculated rotor position for controlling a motor 
driving current or a voltage applied to the motor. 

[0034] A brushless DC motor control apparatus of a fifteenth aspect according to the present invention employs a 
brushless DC motor driving a compressor as the brushless DC motor. 

30 [0035] The brushless DC motor of a first aspect according to the present invention comprises the rotor, the rotor 
comprises plural permanent magnets each having the predetermined thickness and being mounted in the interior of 
the rotor, flux barrier made of non-magnetic section, beginning from the edge section in circumferential direction of 
each permanent magnet, extending up to vicinity in the surface of the rotor, and having the length in circumferential 
direction which is greater than the thickness of the permanent magnet, and the rib which is disposed between magnetic 

35 poles, and 

the brushless DC motor determines the angle G 0 between the edge section of the flux barrier on magnetic pole center 
side and the edge section on the side for coming in contact with the rib of adjacent flux barrier, with respect to the rotor 
center, to satisfy the relation of the equation 1 . Therefore the brushless DC motor realizes making of motor highly 
effective, and realizes decreasing of the motor acoustic noise by decreasing vibration at the frequency f. 

40 [0036] The brushless DC motor of the second aspect according to the present invention comprises the rotor, the 
rotor comprises plural permanent magnets each having the predetermined thickness and being mounted in the interior 
of the rotor, flux barrier made of non-magnetic section, beginning from the edge section in circumferential direction of 
each permanent magnet, extending up to vicinity in the surface of the rotor, and having the length in circumferential 
direction which is greater than the thickness of the permanent magnet, and the rib which is disposed between magnetic 

45 poles, the brushless DC motor determines the angle 6 0 between the edge section of the flux barrier on magnetic pole 
center side and the edge section on the side for coming in contact with the rib of adjacent flux barrier, with respect to 
the rotor center, to be greater than the angle satisfying the relationship of the equation 1 in correspondence with the 
thickness of the bridge. Therefore the brushless DC motor realizes making of motor highly effective by taking the 
thickness of the bridge into consideration, and realizes decreasing of the motor acoustic noise by decreasing vibration 

so at the frequency f. 

[0037] The brushless DC motor of the third aspect according to the present invention determines the frequency f so 
that f/f 0 is an even number. Therefore, operations and effects similar to those of the first aspect or the second aspect 
are realized. 

[0038] The brushless DC motor of the fourth aspect according to the present invention determines the frequency f 
55 so that f/f 0 corresponds to multiplication of an integer and (stator slot number/Pn). Therefore, operations and effects 
similar to those of the first aspect or the second aspect are realized. 

[0039] The brushless DC motor of the fifth aspect according to the present invention determines m so that the angle 
8 0 is equal to or greater than (30/Pn)° and equal to or less than (60/Pn)° in equation 1 . Therefore, operations and 
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effects similar to those of one of the first aspect through the fourth aspect are realized. 

[0040] The brushless DC motor of the sixth aspect according to the present invention determines the width of the 
rib to be equal to or greater than twice of the thickness of the bridge. Therefore, operations and effects similar to those 
of one of the first aspect through the fifth aspect are realized. 
5 [0041] The brushless DC motor of the seventh aspect according to the present invention further comprises a rein- 
forcement bridge for reinforcing the bridge. Therefore, mechanical strength is improved, and operations and effects 
similar to those of one of the first aspect through the sixth aspect are realized. 

[0042] In the brushless DC motor of the eighth aspect according to the present invention, the flux barrier has the 
shape on its magnetic pole center side, the shape being decreasing gradually in a radial direction, and the angle % of 
w the radial direction gradually decreasing shaped section is determined to be equal to or greater than 18° and equal to 
or less than 25° . Therefore, exciting force and torque ripple can be made smaller, and operations and effects similar 
to those of one of the first aspect through the seventh aspect are realized. 

[0043] The brushless DC motor of the ninth aspect according to the present invention determines the stator slot 
number to be 36, the pole pair number Pn to be 2, f/f 0 to be 36, m in the equation 1 to be 7, respectively. Therefore, 
*5 operations and effects similar to those of one of the first aspect, the second aspect, the sixth aspect, the seventh 
aspect, and the eighth aspect are realized. 

[0044] The brushless DC motor of the tenth aspect according to the present invention employs the rotor applied 
skew as the rotor. Therefore, torque ripple is reduced, and operations and effects similar to those of one of the first 
aspect through the ninth aspect are realized. 
20 [0045] The brushless DC motor of the eleventh aspect according to the present invention employs the stator applied 
distributed winding as the stator. 

[0046] Therefore, vibration is reduced, and operations and effects similar to those of one of the first aspect through 
the tenth aspect are realized. 

[0047] The brushless DC motor control apparatus of the twelfth aspect according to the present invention comprises 
25 the inverter device which is controlled to advance the current phase with respect to the induction voltage of the brushless 
DC motor of one of the first to eleventh aspect. Therefore, making of motor highly effective is realized, and decreasing 
of the motor acoustic noise is realized by reducing vibration at the frequency f. 

[0048] The brushless DC motor control apparatus of the thirteenth aspect according to the present invention deter- 
mines the motor terminal voltage at the maximum revolution to be equal to or greater than the voltage of the inverter. 

30 Therefore, the operating range is enlarged, and operations and effects similar to those of the twelfth aspect are realized. 
[0049] The brushless DC motor control apparatus of the fourteenth aspect according to the present invention com- 
prises the control section which calculates the rotor position using the voltage applied to the motor, the motor current, 
and equipment constants of the motor, and controls the inverter device based upon the calculated rotor position for 
controlling the motor driving current or the voltage applied to the motor. Therefore, the brushless DC motor is controlled 

35 without a position sensor, and operations and effects similar to those of the twelfth aspect or the thirteenth aspect are 
realized. 

[0050] The brushless DC motor control apparatus of the fifteenth aspect according to the present invention employs 
the brushless DC motor driving the compressor as the brushless DC motor. Therefore, the compressor is driven without 
a position sensor, and operations and effects similar to those of the fourteenth aspect are realized. 

40 

Brief Description of the Drawings 
[0051] 

^5 Figure 1 is a vertical cross sectional view illustrating an arrangement of a conventional brushless DC motor; 

Figure 2 is a diagram illustrating a normal component of a stator tooth force with respect to a revolution angle of 
a rotor within the brushless DC motor illustrated in Fig. 1 ; 

so Figure 3 is a vertical cross sectional view illustrating an arrangement of a brushless DC motor having a rotor which 

has a width of a barrier greater than a thickness of a permanent magnet; 

Figure 4 is a diagram illustrating a normal component of a stator tooth force with respect to a revolution angle of 
a rotor within the brushless DC motor illustrated in Fig. 3; 

55 

Figure 5 is a vertical cross sectional view illustrating only a rotor-within the brushless DC motor illustrated in Fig. 
3 in an enlarged condition; 
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Figure 6 is a diagram illustrating G 0 minimizing normal component of a stator tooth force of a stator with respect 
to a thickness in radial direction of a bridge; 

Figure 7 is a diagram illustrating an analysis example of a stator tooth force with respect to 8 0 ; 

5 

Figure 8 is a diagram illustrating another example of a stator tooth force with respect to e 0 ; 

Figure 9 is a vertical cross sectional view illustrating one flux barrier of the rotor illustrated in Fig. 5 in an enlarged 
condition; 

w 

Figure 10 is a diagram illustrating 36th order component of the stator tooth force with respect to an angle of a 
leading edge of a flux barrier; 

Figure 11 is a diagram illustrating torque ripple with respect to an angle of a leading edge of a flux barrier; 

15 

Figure 1 2 is a vertical cross sectional view of a rotor of a brushless DC motor, the rotor being added a reinforcement 
bridge section; 

Figure 1 3 is a vertical cross sectional view of a rotor of a brushless DC motor, the rotor being added a reinforcement 
20 bridge section, and a permanent magnet being disposed on the inner side; and 

Figure 14 is a block diagram illustrating a brushless DC motor control apparatus of an embodiment according to 
the present invention. 

25 Best Mode for Carrying Out the Invention 

[0052] Hereinafter, referring to the attached drawings, we explain a brushless DC motor and brushless DC motor 
control apparatus of embodiments according to the present invention, in detail. 
[0053] First, it is explained how decreasing in noise and an angle 6 0 are determined. 
30 [0054] Fig. 1 is a vertical cross sectional view illustrating an arrangement of a conventional brushless DC motor. The 
brushless DC motor comprises a stator 1 which is formed a number of teeth 1 1 , and a rotor 2 which houses permanent 
magnets 21 in its interior and has barriers for preventing magnetic flux short circuit, each of the barriers extending from 
an edge section of the permanent magnet 21 towards the outer surface of the rotor. 

[0055] Fig. 2 is a diagram illustrating an exciting force (normal component) applied to a tooth A during operation of 
35 a brushless DC motor having a rotor which has a width of a barrier 22 which is close to the thickness of the permanent 
magnet 21 . 

[0056] As is understood from Fig. 2, the exciting force is rapidly increased, then the exciting force is gradually reduced, 
depending upon the revolution of the rotor 2. 

[0057] Fig. 3 is a vertical cross sectional view illustrating an arrangement of a brushless DC motor having a rotor 
<o which has a width of a barrier 22 which is greater than the thickness of the permanent magnet 21 . It is different from 
the brushless DC motor illustrated in Fig. 1 only in a shape of the barrier 22. 

[0058] Fig. 4 is a diagram illustrating an exciting force (normal component) applied to a tooth A during operation of 
a brushless DC motor illustrated in Fig. 3. 

[0059] As is understood from Fig. 4, two crests appear following the revolution of the rotor 2. The first lower crest 
45 among the two crests corresponds to the condition where a rib section 23 comes to a position of the tooth A, while the 
next higher crest corresponds to the condition where a magnetic pole section C at a leading edge of a barrier comes 
to a position of the tooth A. 

[0060] Because the crests of the exciting force are generated with a phase difference, exciting force component of 
a specific frequency can be denied when the phase difference can be determined to be a desired value. Based upon 
so this consideration, it is expected that an angle 6 1 (magnetic pole angle regulated by the barrier 22 corresponding to 
both edges of the permanent magnet) is properly determined, the angle 8j being represented in Fig. 5 which illustrate 
only the rotor illustrated in Fig. 3 in an enlarged condition. 

[0061] Providing a frequency of electrical angle to be fo, and when vibration at frequency f is to be reduced, supposing 
the phase difference <j> (electrical angle) in Fig. 4 corresponds to the half cycle at frequency f , the exciting force com- 
55 ponent at frequency f generated at the first crest and the exciting force component at frequency f generated at the 
second crest are denied from each other and causes the lowering in vibration being realized. 

[0062] An angle for one cycle with frequency f becomes 360*f</f when one cycle with electrical angle fundamental 
wave frequency fo is supposed to be 360 degrees. 
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<J> is half of the angle so that $ = 1 80*^ (equation 2). 

The phase difference <{> is generated within an interval of 6 0 illustrated in Fig. 5 (an angle between the edge section of 
the flux barrier on magnetic pole center side and the edge section of the neighboring flux barrier on the side contacting 
the rib with respect to the rotor center). When the pole pair number is supposed to be Pn, the interval G 0 becomes 

e 0 =<f>/Pn = 180*f 0 /f/Pn = 180/(Pn*f/f 0 ) (equation 3). 

[0063] In the foregoing, equation 3 is obtained by determining <|> to be a half cycle (0.5 times) of the frequency f. <t> is 
not limited to a half cycle (0.5 times) of the frequency f , but may be 1 .5 times, 2.5 times of the frequency f. After all, 
the angle G 0 is sufficient to be determined to satisfy 

0 0 = m* 4> /Pn = 1 80*m*f 0 /f/Pn = 1 80*m/(Pn*f/f 0 ) (equation 4) 

(wherein 2 G 0 - 0 r < 90° ), (m = 1 , 3, 5, ..). 

[0064] When a way for determining the angle e 0 as is illustrated in Fig. 5 is employed, as above, the way for deter- 
mining the angle does not change even when the length of the rib width changes. That is, the way for determining the 
angle takes the lengthy of the rib width into consideration. 

[0065] When an angle of the rib 23 with respect to the rotor center is represented with G r , 9 0 and G 1 are in the following 
relationship of 

G 1 =(180/Pn)-f- G r - 2*9 0 (equation 5). 

[0066] The frequency f aiming for noise reduction may be an arbitrary frequency, may be a frequency which makes 
f/f 0 to be an even number, or may be a frequency which makes f/f 0 to be an integer times (stator slot number/Pn). 
[0067] When the brushless DC motor having the above arrangement is employed, making of motor highly effective 
and decreasing of the motor acoustic noise can be coped with. 

[0068] Next, the affection due to the thickness of the bridge and the correction of the angle G 0 are described. 
[0069] A bridge 24 having a radial thickness which is equal to or greater than a certain dimension is required for a 
rotor of a brushless DC motor. Due to the existence of the bridge, 0 0 determined as above is not the best suited for 
the reduction of noise at the specific frequency f. 

[0070] For example, when the angle G 0 determined by the equation 1 for reducing noise at frequency f is 1 7.5° , and 
when the bridge is changes its radial thickness, and when G 0 for minimizing the stator tooth force normal component 
of the stator is plotted, G 0 increases following increase in radial thickness of the bridge 24, as is illustrated in Fig. 6. 
Specifically, it is understood that G 0 obtained by equation 1 should be determined to be greater by 0.35° , for the bridge 
thickness of about 0.7 mm. Although, this is a slight angle, affection is great when the frequency for reduction is high. 
For example, f/f 0 is 36, an angle for one cycle of frequency f is 5° . 0.35° corresponds to 25 for 36th order frequency. 
When it is supposed that the exciting force changes with respect to the angle in a sine wave shape, the exciting force 
difference corresponds to about 10 percent so that affection is great. 

[0071] Therefore, by holding the relationship illustrated in Fig. 6 as a formula (or equation), or as a table, and by 
correcting G 0 obtained using equation 1 , making of motor highly effective and decreasing of the motor acoustic noise 
are coped with. 

Description is made further. 

[0072] In the above embodiment, even when the rib width changes, the best suited angle can be calculated by 
calculating G 0 using equation 1 and by correcting the calculated 9 0 . Specifically, when the slot number is 36, the number 
of motor poles is 4 poles, the order for reduction isf/f 0 = 36, m ~ 7, the angle obtained by equation 1 is 17.5° . In actual, 
the exciting force of 36f becomes minimum for the angle G 0 which is corrected to be greater by some degree. Further, 
even when the length of the rib width has changed, the best suited angle G 0 is not affected (refer to Fig. 7). Wherein, 
the bridge thickness is determined to be 0.7 mm. 

[0073] When the slot number is 36, the number of motor poles is 4 poles, the order for reduction is f/f 0 = 1 8, m = 3, 
it is preferable that the angle is made greater by a small amount than the angle 15° obtained by equation 1 (refer to 
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Fig. 8). Wherein, the bridge thickness is determined to be 0.7 mm. 
[0074] Further, the best suited barrier tip is described. 

[0075] The inventor has found that an angle (refer to e b in Fig. 9) at the leading edge of the barrier 22 on magnetic 
pole center side affects exciting force and torque ripple, and that there exists the best suited angle which minimizes 

5 the exciting force and the torque ripple. 

[0076] The change of exciting force in 36th order (= f/f 0 ) when 8^, is changed, is the change illustrated in Fig. 10. It 
is understood that the best suited value exists in the vicinity of 20° (exciting force is the smallest). On the greater angle 
side, saturation trend is represented with respect to a certain value. As a result, although it may be thought that any 
angle may be employed, generation torque ripple is minimized at about 20° and exhibits increasing trend following the 

10 increase in 6 b , as is illustrated in Fig. 1 1 . Therefore, it is preferable that 6 b is determined within an extent of 1 8° -25° . 
[0077] When the length of the bridge 24 becomes longer, lowering in mechanical strength is worried. For this, it is 
exemplified that the flux barrier 22 is divided into a portion 22b circumferentially extending towards magnetic pole 
center and the other portion 22a, and that a core section for dividing the both portions 22a and 22b is made to be a 
reinforcement bridge section 24a so that mechanical strength is improved, as is illustrated in Figs. 12 and 13. Fig. 13 

15 has the same arrangement as that of Fig. 1 2 excepting that each permanent magnet 21 is disposed at the inner position 
for making the iron section outward with respect to the permanent magnet 21 so that q-axis inductance is not affected 
by magnetic saturation. 

[0078] In the above brushless DC motor, it is preferable that a stator applied distributed winding is employed as the 
stator. The reason is that the distributed winding (refer to Figs. 1 and 3) is an arrangement which originally has smaller 
20 vibration than that of the concentrated winding. Therefore, vibration can be reduced by increasing the number of slots, 
but further reduction in vibration is realized by utilizing the present invention. 

[0079] The brushless DC motor is not limited to the brushless DC motor having the above arrangement. 

[0080] Fig. 14 is a block diagram illustrating a brushless DC motor control apparatus of an embodiment according 

to the present invention. 

25 [0081] In the brushless DC motor control apparatus, output from an inverter 31 is supplied to a brushless DC motor 
32, the inverter 31 receiving a DC power. The brushless DC motor control apparatus comprises a position detection 
section and an inverter control section 33. 

[0082] The position detection section receives a motor voltage and a motor current, and estimates a magnetic pole 
position of a rotor of a brushless DC motor 32 using a previously determined motor model. 

30 [0083] The inverter control section 33 carries out speed detection processing, speed control operation processing, 
phase control operation processing, current control operation processing and the like by making the estimated position 
signal to be a standard, and supplies switching commands for switching devices to the inverter 31 . An arrangement 
of the inverter control section 33 is known from the past, therefore detailed arrangement is omitted. 
[0084] The inverter control section 33 controls the inverter 31 so as to advance the motor current phase with respect 

35 to the motor induction voltage. In this case, the reluctance torque is effectively utilized. 

[0085] The motor terminal voltage at maximum revolution can be determined to be equal to or greater than the output 
voltage of the inverter. In this case, driving of the brushless DC motor can be realized by carrying out flux weakening 
control. 

[0086] The above inverter control section 33 estimates the magnetic pole position of the rotor without using a position 
40 sensor, therefore the brushless DC motor can easily be installed under severe circumstance such as a compressor so 
that the compressor and the like can be driven. 



Claims 

45 

1. A brushless DC motor comprising a rotor, the rotor comprising plural permanent magnets each having a prede- 
termined thickness and being mounted in the interior of the rotor, flux barrier made of non-magnetic section, be- 
ginning from an edge section in circumferential direction of each permanent magnet, extending up to vicinity in 
the surface of the rotor, and having a length in circumferential direction which is greater than the thickness of the 
50 permanent magnet, and a rib which is disposed between magnetic poles, 

the brushless DC motor is characterized In that an angle G 0 between an edge section of the flux barrier on 
magnetic pole center side and an edge section on a side for coming in contact with the rib of adjacent flux barrier, 
with respect to the rotor center, is determined to satisfy the relation of 

55 9 0 = 1 80° *m/(Pn*f/f 0 ) (provided 2 6 0 - 9 r < 90°) (equation 1) 



8 
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wherein, a frequency of vibration which is to be reduced is represented with f , a pole pair number is represented 
with Pn, an electrical frequency is represented with fo = Pn*N, a motor revolution is represented with N, m = 1 , 3, 
5, ... an angle of the rib with respect to the rotor center is represented with 6r. 

2. A brushless DC motor comprising a rotor, the rotor comprising plural permanent magnets each having a prede- 
termined thickness and being mounted in the interior of the rotor, flux barrier made of non-magnetic section, be- 
ginning from an edge section in circumferential direction of each permanent magnet, extending up to vicinity in 
the surface of the rotor, and having a length in circumferential direction which is greater than the thickness of the 
permanent magnet, and a rib which is disposed between magnetic poles, 

the brushless DC motor is characterized in that an angle e 0 between an edge section of the flux barrier on 
magnetic pole center side and an edge section on a side for coming in contact with the rib of adjacent flux barrier, 
with respect to the rotor center, is determined to be greater than the angle satisfying the relationship of the equation 
1 in correspondence with the thickness of the bridge. 

0 O =18O° # m/(Pn*f/f 0 ) (provided 2 G 0 - 8 r < 90°) (equation 1) 

wherein, a frequency of vibration which is to be reduced is represented with f, a pole pair number is represented 
with Pn, an electrical frequency is represented with fo = Pn*N, a motor revolution is represented with N, m = 1 , 3, 
5, ... an angle of the rib with respect to the rotor center is represented with 8 r . 

3. A brushless DC motor as set forth in claim 1 or claim 2, wherein the frequency f is determined so that f/f 0 is an 
even number. 

4. A brushless DC motor as set forth in claim 1 or claim 2, wherein the frequency f is determined so that f/f 0 corresponds 
to multiplication of an integer and (stator slot number/Pn). 

5. A brushless DC motor as set forth in one of claim 1 through claim 4, wherein m is determined so that the angle 6 0 
is equal to or greater than (30/Pn) ° and equal to or less than (60/Pn) ° in equation 1 . 

6. A brushless DC motor as set forth in one of claim 1 through claim 5, wherein the width of the rib is determined to 
be equal to or greater than twice of the thickness of the bridge. 

7. A brushless DC motor as set forth in one of claim 1 through claim 6, further comprising a reinforcement bridge for 
reinforcing the bridge. 

8. A brushless DC motor as set forth in one of claim 1 through claim 7, wherein the flux barrier has a shape on its 
magnetic pole center side, the shape being decreasing gradually in a radial direction, and an angle G b of the radial 
direction gradually decreasing shaped section is determined to be equal to or greater than 18° and equal to or 
less than 25° . 

9. A brushless DC motor as set forth in claim 1 , claim 2, claim 6, claim 7 or claim 8, wherein the stator slot number 
is determined to be 36, the pole pair number Pn is determined to be 2, f/f 0 is determined to be 36, m in the equation 
1 is determined to be 7, respectively. 

10. A brushless DC motor as set forth in one of claim 1 through claim 9, wherein a rotor applied skew is employed as 
the rotor. 

11. A brushless DC motor as set forth in one of claim 1 through claim 10, wherein a stator applied distributed winding 
is employed as the stator. 

12. A brushless DC motor control apparatus comprising an inverter device which is controlled to advance a current 
phase with respect to an induction voltage of the brushless DC motor of one of the claim 1 through claim 11 . 

1 3. A brushless DC motor control apparatus as set forth in claim 12, wherein a motor terminal voltage at the maximum 
revolution is determined to be equal to or greater than a voltage of the inverter. 
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14. A brushless DC motor control apparatus as set forth in claim 12 or claim 13, further comprising a control section 
which calculates a rotor position using a voltage applied to the motor, a motor current, and equipment constants 
of the motor, and controls the inverter device based upon the calculated rotor position for controlling a motor driving 
current or a voltage applied to the motor 

5 

1 5. A brushless DC motor control apparatus as set forth in claim 1 4, wherein a brushless DC motor driving a compressor 
is employed as the brushless DC motor 
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Fig. 3 
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Fig. 5 
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Fig. 10 
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Fig. 12 
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Fig. 14 
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